In many studies, alternating current (AC) servo motors are used for the conventional investigation of acceleration control methods using a disturbance observer. A surface permanent magnet synchronous motor (SPMSM) is normally used with the servo motors. Both a low-velocity drive and a high-torque drive are necessary for smooth robotic motion control; however, the SPMSM is not always suitable for these driving conditions. A hybrid-type stepping motor (HBSTM) is more suitable for robotic motion control because, unlike an SPMSM, it has many pole pairs and is able to drive at a lower velocity without mechanical gears. Therefore, this paper proposes an acceleration control method for an HBSTM. However, the HBSTM has a high frequency periodic disturbance torque caused by the cogging torque, which is greater than that of the SPMSM. Moreover, the frequency of the torque ripple, which is caused by the offset and gain error of the current sensor, becomes higher than that of the SPMSM. In the proposed acceleration control system for an HBSTM, this torque ripple is not appropriately compensated for by the phase lag, which occurs in the low-pass filter (LPF) of the disturbance observer. Therefore, this paper proposes using a torque ripple compensator. A new fine acceleration control method considering the torque ripple for an HBSTM is realized by deploying the torque ripple compensator in the proposed acceleration control system for the HBSTM. This proposed system adequately suppresses the torque ripple and realizes smooth acceleration control.
Introduction
Small robots used for home care and welfare are expected to come into considerable widespread use in the near future. A safe force control is necessary to prevent these robots from injuring people. Therefore, an acceleration control system using a disturbance observer has been proposed (1) - (4) . Alternating-current (AC) servo motors have mainly been used in these types of studies. A surface permanent magnet synchronous motor (SPMSM) is normally used for AC servo motors. An SPMSM is generally designed to decrease its cogging torque and to widen the range over which its velocity can be controlled. In the low-velocity range required for a robotic applications, the SPMSM often uses mechanical gears. However, the use of gears has some disadvantages such as backlash and resonance frequency. An SPMSM that is not connected to mechanical gears can-not generate torque at a low velocity. Therefore an SPMSM drive system is not suitable for robotic applications. To consider a more suitable motor for these applications than the SPMSM, this paper proposes a new fine acceleration control considering torque ripple for a hybrid-type stepping motor (HBSTM).
An HBSTM (5) is able to accommodate driving at a low velocity, without mechanical gears, because the HBSTM has many pole pairs (50, 100, etc.) that are treated as the gear ratio. However, the HBSTM generates a larger cogging torque than the SPMSM. However, the HBSTM is more suitable for robotic applications if the cogging torque can be suppressed.
The paper entitled "Torque ripple minimization method of hybrid stepping motor", and the paper entitled "Novel modeling and damping technique for hybrid stepping motor", have been proposed (6) (7) . Both methods sometimes reduce the torque ripple of the HBSTM. Both methods utilize the feed-forward control system that suppresses the torque ripple. However, both methods have no gain adjustment method and torque phase ripple compensation. Hence, it is sometimes difficult to implement these methods for an HBSTM system. Another torque-ripple cancellation method for an HBSTM has also been proposed (8) . This method is a fine robust control system that suppresses torque ripple based on a Lyapunov function and adaptive linearization. Further, this method can reduce the torque ripple automatically. However, the amplitude of torque ripple sometimes cannot be reduced because, this torque-ripple suppression method has no information about the torque, current, and acceleration. In order to reduce the torque ripple more effectively, the proposed method uses the information about the motor current, rotor velocity, rotor acceleration, and electrical phase.
An HBSTM with an encoder has been developed that improves the performance of the HBSTM system (9) - (11) . In this case, the HBSTM is driven by the vector control method. As the result, the vector-controlled HBSTM with an encoder does not need mechanical gears and is suitable for robotic applications.
This paper proposes an acceleration control method for a vector-controlled HBSTM with an encoder. The HBSTM has a cogging torque, that is greater than that of the SPMSM (12) (13) . Its cogging torque is a periodic disturbance at high frequencies (14) - (16) attributed to the presence of many HBSTM pole pairs. Moreover, the frequencies of the torque ripples caused by the offset and gain error of the current sensor become higher than those of the SPMSM. Hence, the proposed acceleration control system for an HBSTM has a high-frequency periodic disturbance torque. Generally, the torque ripple is suppressed by a disturbance observer (17) (18) . However, the torque ripple of the HBSTM is not often appropriately compensated for by the phase lag, which occurs in the low-pass filter (LPF) of the disturbance observer. Even if the acceleration control system is constructed for an HBSTM and the disturbance observer, it often cannot suppress the highfrequency torque ripple because it is often difficult for the band-width of the disturbance observer for acceleration control to be wider owing to noise. Therefore, this paper proposes a new torque-ripple compensator. A new fine acceleration control considering torque ripple for an HBSTM is constructed by applying the proposed torque-ripple compensator to the acceleration control system for an HBSTM.
Acceleration Control using a Disturbance Observer for an HBSTM
Because various disturbance torques acting on an HBSTM motor are suppressed using a disturbance observer, robust acceleration control is achieved (1) (2) . The disturbance observer estimates the disturbance torques from the torque current i * q and motor velocity ω m . Here, the vector-controlled HBSTM is treated as the AC servo motor. The disturbance observer is constructed on the q-axis, which is the torque axis, because the vector control is constructed using d-q coordinates. Here, i * q = i q , because the frequency band of the current control is adequately wider than that of the disturbance observer. Equation (1) shows the relationship of the motor torque T m with the torque ripple T R generated by the cogging torque, load torque T L , and motor velocity ω m . The disturbance torque T dis is shown in equation (2) .
In equation (2) , J denotes the moment of inertia, K T denotes the torque constant, and index n is the nominal value. The first term implies that the disturbance torque is generated by the variation in the moment of inertia of the motor, and the second term implies that the torque pulsation is generated by the variation of the torque constant of the motor that includes the torque ripple.
The estimated disturbance torqueT dis is shown in equation (3) . An LPF is included in the disturbance observer to reduce the influence of noise generated by the differential calculation. 
Here, g dis denotes a pole of the disturbance observer. Fig. 1 shows the disturbance observer constructed using equation (3) . Fig. 2 shows acceleration control using the disturbance observer. Here, a two-phase HBSTM, which is suitable for lowvelocity operation, is used. Considering the motor efficiency, the d-axis current command is provided as zero. The motor velocity ω m det is determined by calculation using the encoder pulse. The compensation current i cmp is determined by multiplying 1/K Tn withT dis , which is estimated by the disturbance observer. The torque current command i * q is determined by multiplying the acceleration command a * with J n /K Tn and by adding i cmp to the obtained product The HBSTM is driven by the pulse width modulation (PWM) inverter.
Velocity Calculation Method
The accuracy of the velocity calculation method (19) - (21) shown in Fig. 2 is important for acceleration control. Two velocity calculation methods are discussed in this paper. The first is the M method, which is the general method. Fig. 3 shows the principle of the M method. In Fig. 3 , ΔT is the measurement time of the velocity calculation, and m e denotes the number of edges of the encoder pulses in ΔT . ΔT is an arbitrary constant value in the M method. The variation in position is shown as 2π · m e /R e rad at ΔT . Here, R e is the resolution of the encoder. The variation of the position is divided by ΔT , and the velocity is calculated using equation (4) .
When R e is sufficiently high, the error of the velocity calculation is low because a sufficient number of pulses are received, even in the low-velocity range. However, the number of pulses decreases, and the error of the velocity calculation increases when the resolution of the encoder is low. In this case, ΔT has to be set to a large value.
The second method is the M/T method that can calculate the velocity with a high accuracy over a wide velocity range. Fig. 4 shows the principles of the M/T method. In the M/T method, the measurement time Δt is a variable and the time between two edges of an encoder pulse train.
First, the time taken to reach the first edge is measured and defined as ΔT . Second, the smallest measurement time T MIN is compared with Δt. If Δt ≥ T MIN is not satisfied, the velocity is not calculated, and the time taken to reach the second edge is measured. Next, Δt is defined once more and again compared with T MIN . These procedures are repeated until Δt becomes greater than T MIN . When Δt > T MIN , the velocity is calculated using equation (5) .
Here, m e denotes the number of encoder pulse edges that are measured within the period of Δt. For example, in Fig. 4 , m e is equal to 4. In the M/T method, m e increases in the high-velocity range, and the measurement time Δt increases in the low-velocity range. Therefore, an accurate velocity calculation is carried out over a wide velocity range. 
Fine Acceleration Control Method Considering Torque Ripple for an HBSTM
The proposed acceleration control method and torqueripple compensator are verified by experimentally using a 17-bit absolute-type encoder Table 1 lists the specifications of the HBSTM and the acceleration controller. Table 2 lists the specifications of the inverter, current sensor, and DSP.
The 17-bit absolute-type encoder used in the experiments described in this section has sufficient resolution. However, the communication time required to obtain rotor angle data is long. Hence, the experimental system can-not accurately detect the timing of the generated encoder pulses. Therefore, the correct time during encoder pulses is not measured, and the accuracy of velocity to using the M/T method. However, the velocity is calculated at a sufficiently high accuracy because this encoder has high resolution. Therefore, the M method is used in this section.
Here, a disturbance observer is applied to compensate for the disturbance torque, as shown in Fig. 2. Fig. 5 shows the experimental results using the system shown in It is confirmed from Fig. 5 that velocity ω m det tracks the integral of the acceleration command a * dt. However, it is confirmed that a large velocity ripple is generated, and the frequency spectrum shows peaks at 24 Hz 48 Hz and 96 Hz, as observed in Fig. 5(d) . The fundamental frequency of the electrical angular velocity ω e is 24 Hz. The torque ripple of the frequency component at 24 Hz is generated by the offset of the current sensor, and the torque ripple of the frequency component at 48 Hz is generated by a gain error of the current sensor. However, the frequency component at 96 Hz which that is four times as high as frequency ω e , is generated by the cogging torque of the HBSTM. It is confirmed that these frequency components of the torque ripple are not appropriately compensated for in acceleration control that uses a disturbance observer.
First, the cogging torque, which is the source of the largest torque ripple, is compensated for and is described here. A large cogging torque in the HBSTM is generated periodically in the step-angle cycle. The frequency of the cogging torque is four times the electrical angle θ e . The cogging torque is approximated as shown in equation (6) .
Equation (6) shows that the cogging torque has one frequency. Here, T Rmax denotes the maximum value of T R , and φ denotes the phase difference of θ e .
For acceleration control using a disturbance observer, the phase lag ofT dis is often generated by a high-frequency periodic disturbance torque. If the phase lag is included inT dis , the disturbance torque is not completely compensated.
Therefore, this paper proposes a torque-ripple compensator. A new fine acceleration control method considering torque-ripple for the HBSTM is constructed by applying the proposed torque ripple compensator to the proposed acceleration control system for the HBSTM. The phase lag for the torque-ripple estimation is not generated for acceleration control considering torque ripple for the HBSTM. Hence, the torque ripple is appropriately compensated.
The cogging torque of the HBSTM is shown theoretically in equation (6) . The torque ripple that is caused by the cogging torque is defined asT Rm in equation (7) . Fig. 6 shows acceleration control considering the torque ripple for the HBSTM. The torque ripple caused by the cogging torque is compensated for byT Rm .T Rm passes through a high-pass filter (HPF) and changes toT Rm hp f in equation (8) . Here, the cutoff frequency of the HPF, which is included in the torque-ripple compensator, is at the same pole as g dis , which is equal to the pole of the disturbance observer. WhenT Rm hp f is added toT dis in equation (9), the disturbance torque including the torque ripple are appropriately compensated.T Fig. 7 shows the Bode plots ofT dis /T R and (T dis + T Rm hp f )/T R .T dis /T R is calculated from acceleration control that uses only the disturbance observer. (T dis +T Rm hp f )/T R is calculated from acceleration control that uses disturbance observer and the torque-ripple compensator. It is confirmed from Fig. 7 thatT dis has phase lag. However, (T dis +T Rm hp f ) does not have phase lag in the high-frequency band. Here, the values of T Rm max and φ m need to be determined. The identification method is described in the next section. Fig. 8 shows the experimental results using the torque-ripple compensator with these values. The THD is 18.7% in Fig. 8 .
The velocity ripple shown in Fig. 8 is smaller than that shown in Fig. 5 . Furthermore, the cogging torque spectrum at 96 Hz in Fig. 8(d) is smaller than that shown in Fig. 5(d) . Thus, the effectiveness of the proposed acceleration control method and the proposed torque-ripple compensator is confirmed.
Similarly, the velocity ripple at 24 Hz and 48 Hz in Fig. 8(d) can be compensated for by a torque-ripple compensator. This torque ripple is generated by the offset and gain error of the current sensor. When these torque-ripple components are compensated,T Rm must be discriminated with respect to each frequency, as shown in equation (10) . In equation (10),T Rm 1 is the torque ripple that is generated at a frequency equal to the frequency of ω e ,T Rm 2 is generated at 2ω e , andT Rm 4 is generated at 4ω e . Then, the torque ripple ofT Rm n is given in equation (11) . In the tested HBSTM of this paper, T Rmax 1 = 0.003 Nm, φ m 1 = 5.1 rad, T Rmax 2 = 0.001 Nm, φ m 2 = 0.1 rad, T Rmax 4 = 0.007 Nm, and φ m 4 = 0.4 rad. Fig. 9 shows a new acceleration control system suppressing these torque-ripple components for the HBSTM. Fig. 10 shows the experimental results using the system shown in Fig. 10 . Experimental results for acceleration control that uses a torque-ripple compensator for multiple torqueripple components for the HBSTM using a 17-bit encoder Fig. 9 . The THD is 15.6% in Fig. 10 .
The velocity ripple shown in Fig. 10 is smaller than that shown in Fig. 8 . Furthermore, the torque-ripple components at 24 Hz, 48 Hz, and 96 Hz in Fig. 8(d) are smaller than those shown in Fig. 5(d) . Thus, it is confirmed that the proposed torque ripple compensator is effective for multiple torqueripple components. Fig. 11 shows the experimental results for the conventional acceleration control with an SPMSM with a rated torque similar to that of the tested HBSTM. The specifications of the SPMSM are listed in Table 3 . In addition, the specifications of the inverter, current sensor, and DSP are listed in Table 4 . This paper describes a quantitative evaluation based on the experimental results the THD. The THD of the conventional method with an SPMSM is 16.6%. In contrast, the THD of the conventional method with an HBSTM is 19.8%. With the proposed torque-ripple compensator, the THD of 19.8% for the HBSTM decreases to 15.6%. Hence, this paper motivation for using the HBSTM instead of the SPMSM is confirmed by the experimental results is confirmed by the experimental results.
Identification Method for T Rm max and φ m
In this section, the identification method of the parameters for the proposed torque-ripple compensator is described. Fig. 12(a) and Fig. 12(b) show the block diagram and flowchart, respectively. In the proposed method, the torque-ripple component ofT i circled in blue in Fig. 12(a) is used to identify parameters T Rm max and φ m . When the proposed method appropriately compensates for torque ripple, The identification experiment is conducted in accordance with the following procedure.
1. The HBSTM is driven at the constant velocity. The frequency of the torque ripple becomes constant. The initial values of T Rm max and φ m are set to zero. 2. T Rm max has a value that increases for every 0.2% of the rated torque, from 0 Nm to the rated torque. From the results, T Rm max is determined as the minimum value when the torque-ripple component ofT i is the lowest. 3. φ m circled in green in Fig. 12(a) is inserted from 0 rad to 2π rad every 0.1 rad. φ m is determined as the minimum value when the torque-ripple component ofT i is the lowest. The experimental results for acceleration control with the proposed torque-ripple suppression method are shown in Figs. 13-Fig. 18 . In these experiments, parameters T Rm max and φ m are set to the difference value respectively. These experimental results are obtained during the identification Fig. 13 shows the experimental results when T Rm max = 0.000 Nm, φ m = 0.0 rad. Figs. 14-Fig. 16 show the experimental results with the condition that the difference value of T Rm max respectively. Fig. 17 and Fig. 18 show the experimental results when φ m is set to the difference value. Fig. 17 shows the experimen- Fig. 19 . Fig. 19(a) shows the relationship between the amplitude of the rip- ple and T Rm max using these experimental results. Fig. 19(b) shows the relationship between the amplitude of ripple and φ m using these experimental results.
Here, the influence of the identification error of φ m and T Rm max is confirmed by the experimental results. Fig. 19(a) shows the torque-ripple response characteristics according to each T Rm max on condition of φ m = 0 rad. In Fig. 19(a) , the Fig. 19(b) shows the torque-ripple response characteristics according to each φ m on condition of T Rm max = 0.007 Nm. In Fig. 19(b) , the optimum value of φ m is 0.4 rad. Fig. 19 confirms that the amplitude of the torque ripple of the proposed system becomes lower than that of the system with only disturbance observer compensation. In other words, even when φ m has an identification error from −16% to +16%, the proposed method has better results than the conventional method. Fig. 20 shows the torque-ripple response characteristics according to each T Rm max on condition of φ m = 0.4 rad. Fig. 20 confirms that the optimum value of T Rm max is 0.007 Nm once again. Moreover, the proposed method has better results than the conventional method when T Rm max has an identification error from −100% to +85%.
Simulation Results for Acceleration Control of the HBSTM
In this section, the proposed acceleration control system and torque-ripple compensator are verified by simulation. The HBSTM model is constructed using the values of T Rm max n and φ m n determined experimentally. The simulation model for acceleration control in Fig. 2 is constructed using the simulation model of the HBSTM. Fig. 21 shows the simulation results for acceleration control of the HBSTM: (a) velocity, (b) FFT analysis of (a), (c) torque waveform, and (d) detailed view of (c). Here, the ac- Fig. 21(a) . A large velocity ripple is generated in ω m det , which is confirmed to degrade the performance of acceleration control, as shown in Fig. 21(a) . The FFT analysis of the velocity in Fig. 21(a) is shown in Fig. 21(b) , and the upper spectrum in the frequency band in which the torque ripple is generated is confirmed. Fig. 21(c) confirms that the disturbance torque including the torque ripple is estimated. However, when the torque ripple becomes a high-frequency periodic disturbance torque, a phase lag of approximately 0.84 rad is confirmed as shown in Fig. 21(d) . The velocity ripple is generated by this estimation phase lag.
The effectiveness of acceleration control considering the torque ripple for the HBSTM is confirmed by simulation. The simulation model for acceleration control in Fig. 6 is constructed. Fig. 22 shows the simulation results for acceleration control of the HBSTM: (a) velocity, (b) FFT analysis of (a), (c) torque waveform, and (d) detailed view of (c). The acceleration command is a square wave with an amplitude of ±3 rad/s 2 and a frequency of 0.5 Hz. The velocity waveform becomes a triangular wave. The acceleration is well-regulated because the velocity tracks the value of the integral of the acceleration command, as shown in Fig. 22(a) . Moreover, the velocity ripple of Fig. 22(a) decreases in comparison with that in Fig. 21(a) . The spectrum for the torque ripple in Fig. 22(b) is smaller than that of Fig. 21(b) . The proposed system correctly estimates the disturbance torque including the torque ripple using the torque-ripple compensator, as shown in Fig. 22(c) . A phase lag of approximately 0.84rad is generated in Fig. 21(d) ; however, it is confirmed 
Experimental Results for Acceleration Control using a 12-bit Encoder
The experiment described in this section compares the conventional acceleration control using only the disturbance observer in Fig. 2 with the proposed acceleration control using both a disturbance observer and the proposed torque-ripple compensator described in Fig. 6 .
In the preceding section, a 17-bit absolute-type encoder is used to test the new control theory. However, attaching such an encoder to the HBSTM is not viable because of problems such as cost. In this section, an increment-type encoder is used because an HBSTM equipped with such an encoder is already being manufactured. Its resolution is 12 bits, as verified by quad-edge evaluation.
First, the M/T method is used to calculate the velocity in the experiment. Fig. 23 shows the experimental results for the acceleration control using only the disturbance observer. The THD is 36.8% in Fig. 23. Fig. 24 shows the experimental results for the acceleration control using the disturbance observer and the torque-ripple compensator. The THD is 33.4% in Fig. 24 . In Fig. 23 and Fig. 24, (a) shows the velocity, and (b) shows the FFT analysis of (a). It is confirmed from Fig. 23(a) that ω m det does not track the value of a * dt in the low-velocity range. It is confirmed by Fig. 24 that acceleration control does not have the desired response in the low-velocity range. When applied to home robots, slow and smooth motion control is important.
The time between the past edge and the current edge of . Experimental results for acceleration control using only a disturbance observer for the HBSTM using a 12-bit encoder and the M method the encoder pulses becomes long in the low-velocity range using the M/T method when Δt becomes long and the delay between the calculated velocities and the actual velocities is large. Therefore, the error of the velocity calculation is increased. It is confirmed from Fig. 23(a) that the velocity waveform is disturbed at velocities of less than 1 rad/s. Here, the M method is used to calculate the velocity in the experiment. ΔT in equation (4) is set to 16T S which is larger than the value using the 17-bit encoder, because R e is lower. Fig. 25 shows the experimental results for acceleration control using only the disturbance observer. The THD is 22.9% in Fig. 25. Fig. 26 shows the experimental results for acceleration control applying the disturbance observer and torque-ripple compensator. The THD is 20.1% in Fig. 26 . In . Experimental results for acceleration control using a disturbance observer and torque-ripple compensator for the HBSTM using a 12-bit encoder and the M method Fig. 25 and Fig. 26, (a) shows the velocity, and (b) shows the FFT analysis results of (a). It is confirmed from Fig. 25(a) that the acceleration is controlled because ω m det tracks the value of a * dt at low velocities. Unlike the M/T method, it is confirmed from Fig. 25(a) that the velocity waveform is not disturbed at velocities of less than 1 rad/s. Therefore, the M method is more suitable for low-velocity operation of acceleration control for the HBSTM. In addition, it is confirmed from Fig. 26(b) that the spectrum of the torque ripple is smaller than that shown in Fig. 25(b) when the M method is used.
Conclusion
This paper focuses on an HBSTM, which is a more suitable motor than an SPMSM for a home robot. This paper proposes an acceleration control system for the HBSTM that uses a disturbance observer. However, a torque ripple is generated by the cogging torque of the HBSTM and the offset and gain error of the current sensor. Therefore, this paper proposes the use of a torque-ripple compensator. A new fine acceleration control method considering torque ripple for the HB-STM is constructed by applying the proposed torque-ripple compensator to the proposed acceleration control system for the HBSTM. When the proposed torque-ripple compensator is applied, the THD of the velocity decreases from 19.8% to 15.6%. The THD is lower than the THD of 16.6% for conventional acceleration control with an SPMSM.
The experimental results using a 12-bit encoder show that acceleration control considering torque ripple for the HB-STM using the M method is the best acceleration control method.
